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Abstract

‘J’his  paper Icports  results of an jnvcstjgat,ion into the suitability of c)bjec.t-c)ricntcd
]nodc]s as a.1~ ini t ial  step jn clcvclo~)ine;  formal spcc.ificatiol-ls. ~’hc ~cqui]cm-rc~lts  for two

crit,; c.al systcmr-lcvd sof tware lnodules were used as target a.pplicatio~ls.  It \vas fc)llIl(l
i,llat creating  C)bjcct-oricntcrl  diap;rams  JJrior  to f o r m a l l y  Sl)ccifyin,g;  the rcquirclrrcnts
cnllancccl  tlLc accuracy of the iIlitial fc)rIoal s})ccifications  and reduced the effort rcquirecl
to ~)rocluce  thmn. llowcvcr, t he  fo rma l  sl)ocific.ations  jllcc)rl)c)ratcd  so7nc infcwlnation
llC)~ fC)UIld  iJl ~}lC! ObjC!Ct-OJ’iCIl  t(!d Clia~,J’al”llS,  SUC]I aS ~]lC! ]li F,}l C! J’-]CVC]  Strat(!t;y  Or g;Oa]S Of
the software.

:1 1 nijro du ciion

l“orIJnal  S])cc;fica.tion and a.nalys;s of Icqllircnncntls  coJltinucs  tc) gain  su~)])ort as a Jnctllod  for
prod u ci ng IJ-IOrC ICI i able software. IJowcvc!r, t}JC! intrc)(luction  of forI”J”Jal  IJICt]lds  tc) a, l a r g e
softwa,rc  ])~ojcc~ is (]iffic~l]t,  duc  in ])a J’t to t,]Ic ulJfan2iliarity  of ~hc spcc.ific,atio])  lanr;uagcs
and tllc lack of  g;rapl  Jics [3). g’his paper  rc~)orts  r e su l t s  of aIl illvcsti  E;a.tion into  I,}lc suit-
a.bi]ity  C)f Ob jec t -o r i cn tcc l  Jl_Jodd S M a.ri initia] S{C]> in c~cvc]opin?;  forma]  spccificatioJ”ls.  ‘J’]lc

rcquircmcmts  for two critical systcJn-level softwa.rc  proccsscs  c)lJ a spacecraft, currcnt]y uJl(lcr
dcvclopI  ncJIt WCJC usd as t argct appli  c.atiolls. ‘J’}Jc  rcsu]ts SIJOW t}lat c:rca,ting  ol.)ject-  oricJ~tcd
c]ia.gJ’aJJ”Js ])rior  to forlna,]]y  spcc.ifyi  Ilg t,]Ic! rcquilcIncl”Jts  C2LIJ  cJl]lallcc  t,lIc accuracy of the ini -
ti al forlrral  spcc.ificat,ions  and rducc  tllc  cffoJi, r equ i red  to  I)roclucc  tl)mn.  ‘J’IJc rcsu]ts  a l so
s})ow t]la,t t]JC formal spcc.jficatiolJs  incorj)oratcd  iJlsi/;l  JtS iJJtO the lJ i~l lcr- level  stratcp;y  or
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p;oa]s of t]lc software that wcxc IJot present in tlIc  object-oricmt,cd ciiagra.ms. “J’hcsc results
suggest tlIat object-oricmtcc] Inodds  can bc al”] dfcctivc  first step in clcvdoping  forma] rc-
quirclncllts  spccific,ations,  hut L]lat  ca.rc IrJust bc ta.kcn to cmsurc  tha t  the unclcrlyjng  jntcIlt
of the software mquircmcnt,s  is not lost.

II) the applications dcscribcd here, object-orientccl I-noclcling  offered several advantag;cs
as an iIlitial step in dcvclo])ing  forlna]  s]>ccifIcatioJls. “J’}Ic  object-oricntcc]  modeling clarjficcl
tkc logical structure of the application at the lcvd of abstraction CIIOSCII as a~)~)roprjatc by
the specifiers. ‘J.’hc graphical ciiagra.ms  scmcd  as a fralnc  upon which to base the formal
spccjficatic)n  ancl guiclcd  ikc stcj)s  of  i ts  dcwelopmcllt. ‘J’hc  clc~nm]ts  of tllc  (liap;lalI~Jrlatic
lnodc] often II-J appcd  in a straightforward way to clcmcIltS  of t II c formal Spccifjc.a,tic)  l]s. ‘.l’his
reduced tllc effort involved iIJ procluciI1g  aI1 iIlitial  forma]  description of the rcquircll~cJlts.

‘J’lIc lnodclin?;  also offered a quick way to ~;ain rnulti~)lc pcrs~)cctivcx  on the rccluirclncmts,
‘J’IJc ~;ra.p}lic.a]  diag;rarns  lnade  it Casy to grasp alJd coIl”rmunicatc  the Ovcral]  pI’Ob]CI”J”J,  ?’his
c])l land tllc rcqui  rcmcI-Jts aIial ysis arid review ~)roccss ancl led  to Inorc accurate formal
spccificatiol)s  of the rcc~uircmcnts, ‘1’he object-oriclltc(l Inodcls  also ddncd  the bou))darics
c)f ihc mnbcdclcd  software a~)plications. CXcarly cstablishiIIF;  tllc sc.opc and jntcrfaccs  of the
software prior to bcginninp;  forI-J2aJ  spc.cificatiol  Js rcduccd tllc tilne involved in pro(lucil]p; the
initial formal spccifica.tio]is.

‘J’wo possible disadvantages of usillp;  ol)jcct-oriented Inoclcling  as a filst  stc]) in dcvclopiIlg
forlnal  sl)ccificatiolls  w e r e  lJotcd  in t]lc ap~)]ica,tions. First, t h e  Otljcct-olicntcxl  lnodcling
II I  C!thOd  USC!(]  ]JCrC!  diCl IIOt CCJll  C.i SC]y dCSCI’ib C t]”lC  a]~O1it]JII’l  S and  Stl’atCE;y lCSid C!J’lt  iJ’1 thC
rccluirc]ncx)t,  s, wllilc  the forlna] spcc.ification  lar]p;uap;e  did. 111 Llkcsc  ~WC) al)~)lic.atiolls  the basic
colltro]  clccisions (e. g., which rccovcry  actions arc al)pro~)riatc  iIJ wl]ich failure situations?)
fc)rInccl  tlJc crux of t}Ic rcquircIilc]]ts. ‘J’hc object-oricI1td xnoddirlg; ~Jrovidd  little illsi@lt
into t})csc difllcult  aspects of the rcxjuircn=icI~ts. ‘J’hc forJnal  spccificatic)n  lalJguagc  better
rc~JrcscIItcd  t,llc  required maj)piI1g of bcllavior  to ~)ossiblc situatic~Ils. SCCOIld]y,  t}JC Ol)jCCt-
oric)ltccl  ll-Jodcli  IJg NJctllocl  uscc]  here Clicl IIot rcadi]y describe tllc software’s goals  (wfJy t})c
software docs  what it (]ocs) for goa]s cIlcoln~)assiIJ~;  ]naIJ~ objc.cts. ‘J’lIc  forIrJal s])ccificatioIis
were bcttm a.blc t,c) rc:prcscnt  the softwa.rc’s goals by provicli IJg abstra.ctiolJ  witlJout  hiding
tllC iIlforIJ-raticmJ  ncc(lcd  for uli(lcrxtalJding  tllc ratiol)ale  bclJiI\d  I,lJc rc,quircrncl)t,s.

l’;spccial]y  for crnbcclclcd,  safety-critical software in tL lolJg-tclm  j)rojcct,  pIcscrviJJ~;  tllc
rca.so]ls bclJiIld  tllc software’s tral JsforlnatioI]s  of iI)])uts to out~)uts  is vital. Software rcquirc-
ll-lcllts  and software/syst,cIIl illtcrfaccs caIJ bc cxj)cctcd to evolve durilJg  dcvcloprI-Jcnt of large
SyStCII-lS a.S addit C)IJa]  CIJVirOIJIJ2CIl  ta],  ]lar(lWa.I’C , aJid opcratiolJal  constraints cmcr-gc [1 1, 1 2).
ltctainil)~;  t}Ic rcasoIJing  behind  t}Jc lccluircn2cIJt  a r i d  clcsigli clloiccs  tlJcI-J bccoIncs  csscIltial
to Inail]t,ail]irlg  correct softwa,rc, 111 tlJc a]JplicatioIJs  dcscribcd lJcrc,  solnc  o f  I,llis il1forlna-
ticjJJ  was  ])rcscIJt in t}lc rccluirclncnts  doculncI”Jts,  a.bscI’Jt  iIJ t}JC objccLoricJJtccl  Inodc]s,  aIld
c.a])tu~cd a&aiIl in tiJc formal spccificatiol]s.

Object-orimltccl Inctllocls  for analyzing rcquirclilcnts  aJid dcsif;IJ  have been widely used
[4, 5] . ‘J’}Jc  object-oricrJtccl moclcli]lg tool USCC1  in this work was l’aracligln  l]lus, an ilr]plc-
ll-rcnta.tio]l  of  OM’J’,  the object Moclcling 7’cc]l  Jliquc [9, 1 4 ) .1  III t}JC 0M2.’ a.p~)roa.cll,  three
basic types of object-oricntc(l lnodcls  a~c coIJstructcd  to clis])lay  t,llc various aspects of t})c a,p
plica.ticm. ‘~)Jc object Inodcl  r’cp~cscnts  t~Jc structura]  and static aspects of the systcm.  “J’hc

I j,~racligl,,  IIll,S jS a rcgistcr~d  t,radmnark c)f ]’rotosoft, IIJC.
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d:ynamic  moclcl dcxcribcs the control aslmls of the systcm  as transitions bctwccm  states. It
is prcsc]]tccl  by mcal]s of state diagrams. ‘J’hc fullctic)l)al I-noclc] clcscribcs  tl)c  t ransformation
of input values intc) output values. It is prcscIltccl  by means of data flow cliagranis.

‘J’lIc  formal specification language USCC1  in this iIJvcstigation  was that of }’VS, the l’ro-
totylm Verif icat ion Systcm [15, 1 7]. 1’VS is an illtcgratcd  cnvirollnlcJlt  for  clcvclopinp;  ancl
anal yzing  formal specifications inducting support toc)ls  ancl a theorem prover. 1 ‘VS aIld its
prcdcc.cssm-,  1{;111 )M, have tmm USCC1 I,o s~)ccify ancl verify a variety c)f a,p~)licaticms  inducling;
f.mlt-to]crant  clock sy~)cl)rc)l]izatiol~  al~;orithms,  mutual exclusion prc)tocols,  and tl)c c.orrcct-
ncxs of a real-time railroacl  crossing controller [15, 16, 1 8]. 1’VS is not onc of tllc: formal
s})cc,ification systcIns  that have bccII cxtcnclcc] to incor])oratc  object-oricntccl  mcthoclo]gics
[4, 8, 20]. ]Iowcvcr, I’VS’  incrcasil]?;  accc]jtalicc in clcvclopmcmt  environments already using;
olk)jcc.t-lnocl  cling;  cliagrams, as W C]] as its usefulness in lnulti~)lc  clcvclopmcnt phases, make
LIIC intc~;ration  of OM’J’ and 1’VS worth invcstigatill~;  for possi~lc usc in wi(~c~ qy)ljcations.

‘J’llc  work dcscribd  in this paper is part c)f a lalg;m rcxwarch prc)jcct  WIICMC  puqmsc  is to
usc cumcnt formal mcthocls  techniques to improve tllc quality of software in space applica-
tions. 1 mt yca.r Lhc project successful] y usccl I’VS to specify the clcsif;li  a~lcl rcquirclncnts
fcm portimls  of the Space Shutt]c  control systcm  [6]. ohlrJ” was USCC1  to assist  in the I-cvcrsc
cnf;illccring  of a portion of tlIosc  rcquircrncrits  [1].

‘J’hc stucly clcscribccl here is part c)f t}Ic projcct)s  cfl’ort to evaluate cx~)crirncllta]]y  the
fcasibilit,y  of objccLoricIitccl  moclc]ing;  as a bridge bctwccn traclitiona]  CngiI1cc~ring;  approac}]cs
to rccluircmcnts  specification and the mc)Ic rit;c)rous  specification ancl analysis a.vailab]c  with
forlnaj  methods.

2 A pprcxxh

‘J ‘IIC a])])rc)acl)  taken in this  stucly was to select, based 011 tl]c criteria in Section 3, LWC)  c~itical
software proc.csscs  from a project currcnt]y  in the prclimil]ary clcsign  phase, tc) crcatc both
object-oricl]tcd moclc]s  and formal specifications for cacll,  and to evaluate t}lc usefulness c)f
tllc object-cmicI]tccl modc]s  as an initial  step in c]cvclopi]]g the fcnvnal  specifications of tl)c
t w o  ap]jlicatioI)s.  l“ig;.  1
were usccl as input to the
sl, )ccific.ations  were parsccl

summarizes tllc l)roccss. ‘1 ‘lIc rcc~uircmcnts  spccificatic)ns  wllicll
stucly were clocun-IcIItccl  i]] l~;ng; lis]] and f lowchar t s  [7]. ‘J’hc I’VS
and typcc}]cd<cd  to detect errors and illconsistcllcics.
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‘J’wo ]ncasurcs  wcmusecl  toaIlalyzc  tllcsLlitzlllilityof  c)l)jcct-oricl~  te(llrlo(lcli)]  p;zls  afirst
st,cp i II formal spccifica.tion.

(1) ‘J’lIc numb and type of mappings bdwccm the object-oriented moclc]s and the forlna]
sl)ccifica,t,ions were rccordccl.  l)ctcrInining  the fractiol]  of OMr-l”  clcIncnts  tlla.t were lna.p])ccl

to t}lc PVS specifications gives a measure of lIow tip;ht a ]inka?;c exists  bdwcml tlIc two
:rc]n’csclltatio  ns. ‘J’ablcs  and a discussion of tl)csc  results appca.rs  ill Section 3.

(2) ‘1’hc  number  ancl ty~~cs  of issues fou]icl  were rccordcd  for both the object-oriented
lnoclcliI)g  micl tlIc forInal  spccificatioIl  ~)roccss. ‘J’}lis rcccml  slIc~ws  whew iIlaccuracics  in t}lc
doculn  cntcd rcqui rcmcnts were d i scovcrcd. ‘J’}Ic  types of issues logged were logical errors,
Illlstatcd  as sumpt ions ,  incom])lctc  rcquircn-lc))ts,  illconsiskmt,  clocLII1-lcIitati  c)ll, incc)nsistcnt
logic, im])rccisc tcrmino]og;y,  all(l  ot}lcr qucstiol)s.

‘J’IIc ratio  of issues fount] in L}IC process of OMrJ’ modeling to issues founci in the proc,css
(,lf ]’VS  sj)ccjfica,tjon  jndica,tcs  ~hc cffcct,ivcllcss  of 0h4’J’ Inodcli  Iig at idcl)tifying  issues in the

]cqu i ICI n cnts prior to the clcvclopIncn  t of for]nal  spccifi cations.
Sil\cc, t,hc applications were still unclm  dcvclopmcllt  at the tiInc of t}lis  study, most issues

idcnltificcl  lIcrc  were still being analyzed by tlIc  dcvclo])mcnt  tcmrn or had been rcxolvcd.
Othm issues irmolvccl  undocumclltccl  clctails  or a s s u m p t i o n s  rcgalding systcln  illtcrfaccs,
failu  rc seen arios, and tcrrninology.  lt is our hope that  our feedback to tl)c  dcwclopmcmt  team
regarding tllcsc issues repaid their gcncmus  willin~;nms to review our ~Jrcliminary  work and
al~swcr our tcc}lIlical clucstions.

3 A]>]) libations

‘J’wo applicaticms were sclcctccl  for t,l]c rcscarcll dcsc.ribccl  }Icm based 011 the fo]lowinp;  three
critcriaf. ‘J’hc first criterion was thtLt  the a.pp]ica.tions chosen be portions of the rcxluilc-
II~cIIt,s of a la.rgc, cmbcclc]ccl  software systcIn currently uIIdcr  dcvclopmcmt.  ~’hc intcllt  of the
st Ud y was to cva]llatc the usc of object-oricntccl modc]illg  to i]litia.tc  forl”na]  specifications in

rcdistic  forward- cnginccring  applications , rather than In rcvcrsc-cIIgII  IccrIIIg a.~)plicatlons.
‘J’lIc  SCXOIIC1  critcxion  was that  tllc rccjuircmcIlts  bc for safety-critical softwa.rc:,  mcaniI1g  tlmt
the fai]urc  of the software COUIC1 jeopardize t}lc  s]mcccraft systcIn or the mission [1 O]. ‘J’hc
oIL-board,  systcm-lcvc]  software w})icll rcspoIIcls autoI}olrlously  to a dctcctccl  spacecraft fail-
ure was targctd  as a clomai])  iIl wllicll the extra assurance possible via forInal  specification
and verification is merited. ‘J’his  software involves logical] y co]np]cx,  safety-critical Inoclulcs
wl~icll  II-lust intcrfacc correctly with nuIncrous  sLlbsystcms  subject to real-time coIlstraints
[1 3]. ‘J’},c third  criterion for sc]ccting tl,c applications was that the two software processes
lx clissimilar.

‘J’IIc first  process sclcctcd  for ana]ysis (Safe-state ]tcs]~c)lisc)  is rcsponsib]c  for l“novinp;
tllc s~)acccraft  to a safe state from whatever state it happens to bc i]] LlpOIi i nvoca t ion .
W}]at  co))stitutes  a safe state varies with the lnissioIl pha.sc (e.g., distance froIil the sun),
the criticality of the current activities (e.g., wlletllcr a Inallcuvcr  is underway),  the harcl-
W?LI’C  COIIl~)OIIC!lltS  CU~~Cl”ltly  ill  U S C  (C.?;.,  W]lCthCl  ~ SW}j~Ch  tO bZiCliLIJ)  Ullih+  }ltiS  OCCUITCC~),

etc. III F;cncral, the software module must coInnnarld tllc spacecraft to a safe attitude (c)g.,
wlIcrc  instrLllncIlt  sensors arc shaclcc]  from t)le  suII), minimim  t}Ic power consLIInption,  c.ancd
IIo)l-csscl]tial  activities, aI)c] IccoIifiF;urc harclwarc! cc)mpollmlts  to lnaxilniz,c  the ]ikdi})ood  of
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achieving t WO- way  col?lliltlllicatioll wi~h ~1)~ grolll”J~l. ‘1’lIis software is callccl  l’mccss  A in the
paper. 11’ig;s. 2 and 3 in the A]j~mIldix  arc sim~)lificd sample diagrams for l’roccss  A.

‘J’}IC  second process chosen (1’’at]lt-l{.ccovcry  II;xccutive)  is a sli~all  software executive that
at cacl] cycle selects wl]ich  request for rccovcry response(s) to honor. ‘J’he selection rc-
quimncnts  invc)lve a  prccmptivc,  flxcd-priority  schcmc. Cumntly  executing proccsscs, if
prccmptcd,  may be restarted unclcr  certain conditions, but not from the ]joini  of prccmp-
ticm. Aclditional rccluircrncmts  relating to special lnission  scenarios complicate the dcsig]}.
‘J’]]  jssoftwarcis  ca,l]ccl}’roccss  11 in thcfo]]owing  discussio]l. l’igs. 4 and 5in the Appendix
are simplificc]  sam])lc diagrams for l’recess 1].

11’or }’recess A, OMrJ’ diagrams were first created and the I’VS  specification was then
developed. l)roccss  A is a lar~;c, but straightforward , set of activities with fcw data dcp  Cn-

dcncics. For  l’roccss  11, the formal specification was written first, tllcm the 0h4rJ’ diagrams
w e r e  dcvc]opccl,  and  f ina l ly  tllc I)VS spccificatiol]  }vas upclated.  Since  l)roccss  11 i s  ve ry

lc)gic.-clc])cIlclcI-It  and dyna]nic, it i s  wd l - su i t ed  to I)VS  specification. ‘J’hc  I)VS spccificatiol~
was clcvclopccl before  tllc OM’J’ clia.p;rams  for 1 ‘roccss  11 in CJrdcr  to quickly clarify a logical
claim in the cloc~llncl-ltatic  )l). A byproduct of tl)c  decision to write the I)VS  spccificatioli  first
for l’roccss  11 was that wc were  thus better  able to measure tlIc  addccl benefit c)f the 0M2’
d i agra.ms.

‘J’hc applications were not cl)oscn to acldrcss  the issue of uniqueness, i .c,, whether the
ac]va]jtagcs  found in using object-oricntc.ci analysis CM folnlal  lr]cthofis  distin~~]ish  thcm frOII~
c)thm rcc]uirclncnts  analysis mctlicds. ‘J’hc focLls was insteacl  on whct}lcr,  given that forma]
specification is to bc usccl oII a specific project, tllc prior crmtion of object-c)ricntccl models
is USCfLl].

4 A n a l y s i s

‘] ’lIrcc c)bjcct- oricntccl  models  were  cxcatccl for each  of l’roccsscs  A a~~d 1): object  dia.g;rams,
state cliap;rams, and dataflow  dia.grains. (rJ’l IC sul)systcm cc)lnponc,nts  were SIIOWII as classes
rat]]cr thal]  objects because dual-string rcdLll]dancy  of ]nally  componc IIts is rcquirecl.  llow-
cvcr, t}Ic components arc all rcfcrrcd  to as objects llcrc  since rcduliclancy issues IIavc not yet
been aclc{rcssccl.)

‘J ‘able 1 summarizes cmc lncasure  of IIOW I,ig;}lt a linkage mists bctwccn t}Ic ok)jcct-oricntccl
lnoclc]s  and the formal spc:cifications. ‘J’hc first column rcxmds  the number of objects in tl]c
object dia~ram  whose attributes were Inap~jccl  to I’VS typo definitions. ‘1 ‘h c! Scc.on cl column
rcc.orcls  tlIc  nuInbcr  of t,ra.l)sitions in tllc main object’s state clia$;ram  which maj)pccl  directly
to 1’VS fullctiol]s.  ‘J’lIc t})ircl  and fourth columIis  SIIC)W t}lose OMrJ” clcmcnts which clid ]]ot
ma.]) to associated clcmcnts in t}lc  I)VS Sljccificatic)l]s, ‘J ‘])c fift}l  CO] UII”II1 contaiI”ls  a COLll)t C)f

tllc ty})c clcfinitiolls  in the I’VS spccifica.tic)n wl]icl]  were l]ot attrihutcs  of any object in the
ohl’J” diag;rams. ‘J’IIc  sixtl]  coluInn  records the axioms or function definitions iIl the ])VS
specification wllicl) WCIZ not pI cscnt in tJIc 0h4rJ’ state dia.!, ra.ms.

11’cn l) IC)CCSS  A ,  1 4  o f  3 3  0h4rJ’ clcIncllts wc:rc mappccl  to  tllc I)VS s])ccificatic)n.  For
I’JOCCSS ]J, 1(1 of 12 were. ‘J’IIc small  frac.tio]l  of mapped OhlrJ’  clcmcllts  to all 0h4’J’ CIClllCI”JtS

[,
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‘J’a,blc  1: Mapping  0M7’l<lcnzcnLs  io l’lfSS])cciJcoiiolLs

f(jrl)roccss  Aistl)c  rcsultof  at)stractiol-)  L]lat()cc~lrrc(l  ir]t]]c ]-I-la~)~)illg  fl(JIll( )M'J'attIil>~ltcs
of objects to I)VS  type definitions.

III ~;cncra], a t t r ibu te s  in the OM~’ o~~jcc~ diw;~ams ~CIIdCd ~0 mw ~~adily  tO J)VS  ~YPCS
wit]) tJIc addition of some abstraction in both  a])plications. SiInilarl.y, t}Ic transitions in thC
state  diagrams tmdccl  to map to the I’VS  fLlnC~iOl)s, bui did ]lot routinely map olIc-to-onc.
‘J’llis  is partly  due to the fact that me]] state diagram models only a single object while many
of tJIc functions at tJIc level  of at~straction  clIoscn involve multiple objects. It is also due to
tJIc additional functions and axioms IIccdccl in 1 ‘VS to build up a rigorous and consistent
description (e.g., functions to map frOl~l  Cmc sc~ tO allotllcI ‘, existence axiolns, etc.).

‘J’hc I’VS functions t,cndcd  to proviclc  IJIOJW insight into the rcquimilc!nts  L} Jan did the
slJak dia~;ralns. Many states i]] t}Ic diagrams were c)f )Icccssity  c.ol]apscd collections of states,
(k)nscqucntly,  the c.ontmlt  of tlIc  transition bctwccn any two states varied g;rcatly  depcnclinf;
011 exactly wl)icll  of the collection of states the system was in. ‘J’]Jc  illtclprctcd  ]’VS function

cc)rrcspondinf;  to the transition col]taincd  the cases and conditions ncc.cssary  to understand
wlia.t the underlying rcquirclncnt  cntailcxl. in these  cases  the state dia?;rams  provided ill-
formatio]~  shout the correct scquencinp;  of functions  in tl)c  1’VS theory, hut  nc)t about the
stra.tc~y  required to always  rCtUrI-J  ~hc spacecraft to a szLfc  state fl’onl fail Cd statCs

For  1 ‘roccss  11, where the object classes were software ])roccsses  (fault  detectors and
rcs~)onscs)  ratl]cr than hardware  Co]nponcnts, tJIc s t a t e  cliagrams  l-ll:J.tCIJC(l  tlJc bcllaviora]
rcquimnm]ts  much more C1OSCI y. ‘J ‘transitions involved single objects and s;ng]e  events at the
level  of detail clIoscn for l)roccss 11. ‘J’IIus,  the lligh-lcvc]  strategy a,l)d ~;oa] of l’roccss  11 }vas
d isccm I able from  the () M’J’ cli agra.rJis.

A clataflc)w  dia~;ra.m was created  last for cacll app l i ca t ion ] . ‘J ‘hc c1 at aflow clia.p;ram  for
1 ‘recess A contributed little additional perspective, clue to several a])~)licatiO1-l-Clc  ~)cllc]c Ilt
factors. l’roccss  A is unusual in tlla.t it doesn’t stmc state information fro]n  one cycle  tc) the
nc!xt cyc]c  iIJtCrlIa]]y  to the li~odu]c, I“JC)I’ does it pass il”ltcl’mediate! K!su]ts from one function
1,0 allOt]JCl”  within the process. 1 t I-J2 ay output as I-J-Jan y as 80 C.OIJ-I  I’J1 a]) ds tc) c)ther SUk)SyStCl”J”Js
Wit]l  OUt aIJy SUbSCq UC13~ USC Of tlJOSC OUt]”)UtS  hy Ot})C.~  10Ca~ fUll Cti Oils. I’J’OCCSS  11, on t}lc
otlicr  hancl,  both  saves state iliformatioli  iIIt,crIIally bctwccll cycles  and passes  intcrlmcdiatc

vdu cs bet wcm  I functions. ‘J’hc dataflo~v diap;rmn for ]’roccss 11 was useful  ill rc~)rcscntin~
t] IC c1 ata dcpen dcncics of tllc fun c.tions.

‘J’]Ic rig}lt-]la,nd  side of ‘J’afl.)lc 1 S}JOWS  L]Iat some C] CII-JCIIIS  iIl the I’VS WCrC IJOt p resen t
i]) tllc OMr J” dia.graJns,  especially for l’roccss  11. ‘J’l Ic lc)gic i]J l’roccss  11 that dctcrl  Jlincs and
scrvic.cs tlIc  higllcst priority cli~ihlc  request, call c.clling  execution of all others, is cc)mplcx. 1 ts
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spccjficatioI]  require.d asct of(lctailctl,  Step-by-slcl) axiolns as wc]l as rnal)yfu I)ctioI1s
cstzll.)lisllillg;variolls  lIla])~)ilJ~sl  )ct\vcc)isllt)scts  ofrcqucsts and slll>scts  ofscrvices.  Whilctl]is
ICWC1 of clctail is l)cccssary for tllc  future vcrificatiol]  of the lcquircmcI]ts,  it cliscouragcx  casual
review. ‘]’]Ic  oh4’J’c liz L~r21111s]J  Iovic]c(]  a~~cttcl’c~vcrvic}vof  thcproccss’  rCquircIIlcJlts.  W])at

tllcy d i d  IJot slIow w e r e  tlIc  undcrlyil)g  assuln])tions  and constraints  that  zLIIy ])rccmpt,ivc
dcsi~;ll  Inust  satisfy. IIowcvcr,  crcatillg  0h4r.1’  diagralns  lwforc the I’VS clcscri])tioIl  for })roccss
11 ]}robab]y  WOIJ]d  h&VC  sim])lificd  Ll)c c r e a t i o n  Of f,lJc  I)VS  sl)ccificatioI1 by cliforcillg a IJ-J03C

G~a~l~l~l  al”J~~  o~clcrlY ~~c~’cl[)}}~”~l~l”lt  of it, l)Y ~!ll~~)~ll~l~;i?-l<;  a coIlsistcIlt  ICVCI of abstracticm  in ihc
1’VS, and by lc(luciJ-Jg  it,cratic)ns (1UC to lJliSllIIC]CI’StaJl  (]illf; t,hc  Jl!quiJcIJ”J(!Ilts clocllI”J-lcJltaticlIJ.

4 . 2  ]dml{,if’ying ]Lc:(~llir~~~~{:]]i,s  ]SSUM wit}] ONJ’J’

‘1’IIc coIlstIuctioJ1  of OM’J” d i a g r a m s  ])rior  to tllc s])ccificatiol]  of the rcquircJncnts  in I’VS
for ] ‘IOCCSS A cc)~ltributcd  to acc,uratc  1 ‘VS rcquirc~l-]cllts specifications. “J ‘ah] c 2 SUIIJ  IJJ  a.Ji zcs
tllc issues idclltificd during  tlIc  ])roccss  of rcadili~; tllc  availab]c rcquirmnmlts  clc)cllI)lc  I]tatioI],
dcvclo])il}g ol)jcct-C)IicI)tccl Inoclcls  of tl]c  lc(]lli]c)I-)cI)ts,  alId crcatilig;  formal s~)ccifications  of
tl]c rcquirclncl]ts  for tl)c  two ])roccsscs. ‘J’IIc first CC) IUII-JII ca.ta]ogs tliosc issues that  were
idclltificd  durillp; a c]osc rcadillg of tllc rcquirclncnts  spec i f i ca t ions  clocumc  Ilt,s.  ‘1’llis  c]osc
rcadil)~; was akin to tlIc  level of tlIorougl  IIJcss ~lc.rforlnccl  as preparation for participatil]g  in
a. forlna] il]spcctio$l

11’01 l’roccss A, the higl] ratio of i s sues  fow]d  in OMrJ” moc~c]iI1g;  to jssucs  found  in  the
]) IWCC.SS of I)VS specification sup;gcxt,s  tllc cflcctivcncss of the oh4’J” lnodcling  in clarifying
tlIc rcquirclncnt,s  prior to forma] spccificatiol], 1 ]y identifying alnhir;uitics  and assumptions
before tlIc  type dcfillitiolls  and ful]ctiol)  signatures were dcvclopcd  in l)VS, less cfl’ort was
r e q u i r e d  to l) IOCILJcc an accurate I)VS  s])ccification. I{’Or 1’IOCCSS 11, tlJc low ratio o f  i s sues
fou)](]  i]) OhJrJ’ m o d e l i n g  to i s s u e s  f o u n d  ill  for]na]  sljccificatioll  is (~Llc  tc) t]jc  I’VS spcci-
fica,tioll ])rccccling  t h e  OhflrJ’ modclillp;. IIJ }’roccss 11 lrJany  i s s u e s  a n d  alJ’lbiguiticx  in t,}]c
]’cqui~c!Jncnk (]oc~ll”J”)cl”ltatio])  were sti]] UIIICSC)lVCC] W}ICII i}Ic forIrla] spcc.ifica.tioIi process bc-
p;a.1).  ‘J’}lis lcsu]tcc]  ill 11-JOIC  colrcctioJ1s  aJ)d  u])(]atcs to t])c f o r m a ]  s])ccificatio]l.

N o t e  t]Iat tlJc rcsu]ts II-lay  S]JO}V  a s])jf~il)$;  of t]Ic rcquirclnc]lts  analysis  to t]]c oh4’J”

7
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pmccss  rath m than an ovcral  1 rcxlucti on in cfiort. l’or l’recess A, all tlIc  issues iclcmtificd
duI-iIt~; tlIc 0h4’1’ diagrams would l)avc I)ccn identified during the process c)f creating tkc
I’VS  s])ccifications, had the objczt mo(lcling not been done. Similarly, for 1’IOCCSS 11, all
t]ic  issues idcntificcl  during  the formal specification would prolxtbly  also have been identified
drlriIlg  t]IC OMrl’  modeling,  }lad it OCCUIU-CCI  first.

III fact, most of the issues (half tJIc issues in l’roc.css A a.Iid one-third jn l’roccss 11) first
came u]) during the close rcadint; of the document. W h i l e  the object mcdcling  and  I’VS
s])ccifications  both clarified our understanding of tllc  intcIldcxl  IW]UiICl”rJCDh, many of tlIc
issues iclcmtificxl  later were actually rcfincmmts or conscqumlccx  of items notccl by the initial

CIIOSC reading.
]1’or l’roccss A the proccxs  of constructing tljc 0h!17’ diagrams, intcrspcrscd with convcrsa-

t,imis with tl~c dcvclopmcmt  team, cmlIancccl  tJIc accuracy of our unclcmtandinp;  of the systcm
and prcwidcd  answers to really of the qucstioIis  poscxl  durinF; ihc initial close  reading of Lllc
rcquircmcnlts  documcnis. ? ‘he diagrams wcm uscfu]  as a rcfcrcncc  poin ~ for discussion and
])rovidcd  a col)vmicmt  way to define the scope of the applications ant] t}lc  c.onlponcnt  picccx
tl)at would be used to specify it. Many c)f the cases of im])rccisc  tcrminolop;y,  inconsistcncim
I.XLWCCII text and tables, and unstatccl assumptions were msc)lvcd at t}lis  poilit.

l“or I] JOCCSS  11, the OM’J’ diagrams a~so proviclcd  clarif icat ion,  cvcm after t}lc  fo rmal
s])cc; fication  lIacl  been clcvclopc(l,  in particulm ‘, a, c]csi/;Il  dilc]nma  (wllcthcr  or IIc)t  to restart

a. callcclcd  c}lild  process when  its parm]t  ~)roccxs  lIad already c.cmplctcxl execu t ion)  was
ICI mscniccl most clcarl  y by a st atc di aF;rarn. ‘.I’}Ic  state dia~;ram’s  similarity to tllc standard
])roc,css state- transition diagram providwl  insigl]t  into why tlIc  l)roposcc]  bclla.vior  mig;]it  bc
over] y ccnnp]m  [19J.

‘J’]Ic OM’]’ (Iia,f;rams  proviclcd  t,hc basc]illc  from w]lic]) to begin t]Jc fc)rIna]  spec i f i ca t ion

of 1 ‘roccss  A and gui d ccl its clcwclopmcmt. ‘1’}Ic CJmncnis of tll[! clia.F;Iams  were  oftcm direct ly
translated into the types and functicms  of the initial I’VS spccificatiolls. 1~’or Lot} I apl)lications
tllc aclclc(l  benefit of tllc l)VS  spcc.ifica.tion  was Lllat it mforccd tl)c  resolution c)f ~hc remaining
im])mcisc c)r alnbiguous  items in LIIC rcquircmmlts. ‘J ‘he documentation and cwcn L}IC OM’J’
lnorlcling  at times allow several illter~)lctatic)rls; tlIc I’VS  spccificaticul,  duc tc) its rig;or,  i s
citl]cr acc,uratc  or inaccurate.

5 Cc)nclusic)ns  and l“llt)urc work

III tlkc applications investigated hem, the  ol.)jcct-c~ricl-lt[:cl  rnc)deling  tcndccl  to reflect  the
mq uj rcmcnt mginccrs’ view of t }Ic embed dcd  sc)ft ware. ‘J’IJc attributes assig;ncxl  to classes
of objcc,ts  tralls]a,tccl rcadi]y into I’VS clata  type  clcfinitiolls. ‘1’lIc transitions in the state
d iagrams  oftm Corrcspolldcd  in a. s traightforward Inanncr to J’VS fuIlctiolls.  ‘1’}lc  dataflow
d i ap,ral ns showed  the data d cpcl  I d cm c.i cs arllong  ~he, fLll”l  c.tiol-]s. ‘J’l~c  OM’1’ diagrams thus
served ill sc)mc mcmurc  to guide the dcvclc)pmcnt  of tl]c  formal spccificatiolis  ancl tl~c initial
selection of the Icvcl of abstraction.

‘J’}Ic results clcnnonstratc  that tllc (Icvelopmmlt  of object-oriented models can k a useful
first step in creating a formal specification. ‘JIIc concise graphical rcprcscmtatious  aIicl l;ng]ish
notations in the object- oricntecl  Inodcls  made it easy to communicate an tlIlclclsta.1-)cliI-J/\  of tl]c
systcml and  to confirm tllc accuracy of LIIC models. Many instances of ambiF;uous  tcrmino]ogy,
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illconl])lctc  l’cc]llil’cI-II  CIlts, and ullstatcd  aSsunl]JtioIIs  wcrw idclltificd  duri]lg  tllc dcvclc)l~mcl]t
of t}Ie 11-I OCICIS iII ]’mccss  A, lmcling  to ~norc accllra,tc,  initial fo~ll)a] sl}ccificat,iol]s. ])rod[lc.i]]g
tJIc OM’J’ diagralns first csscntial]y  cliIniIla.tcd  the IIMX1 to updai.,c the 1’VS spccificatio]i  due
to crrc~rs in undcrstal)di]lg  of thc doculnm]tccl  rcquirclncIjts.  (Iterations of tllc J’VS and Ohl’J’
still Occul.rcd  as proofs of c]aiIIls were dcvc]o])ccl.  ) ]11 ]’roccss ] 1, W]ICYC ]JVS sJ)ccifica.tiolls
were wI’it,tcIl  prior to tllc corrcsponclil]g  OMr.i’  dia.grains, tlIc  formal spcxifications  had to be
:rcwritjtcn  scwcral t,i Incs to cli Ininatc rcquircnr]mlts  Ir-lisllll  (lcl’stz~It(li]igs  and errors.

11’or l’roccss A, tllc I’VS  spccificaticm  contained Inorc rcquircmcnts  illformatio~l  tllaII the

0h4’1’  diagralns  in two ways: (1) So]nc  of tllc functions  rcprcscIItcd  stratcg;ics  cl)colnpassinp;
seve ra l  ob jec t s  rather  than transit iorls on a siIlglc  objcc.t  and IIcncc  ~)roviclcd I-I-JC)rC  insig;ht
iI]to  wlIy the rc.quirxxncnt,s wcxc stated as t}lcy were,  and (2) tllc I)VS abs t rac ted  f rom all
abuIIdaJIcc  of objects arid their attributes and opcratioIls  in oh4’J” to a IIigller-level rcprcscl-I-
tation  of tlIc required recovery strategies. ‘J’lIus, tllc I’VS  spccificatiolj  dumcl tllc diancc
on tllc stmctural  view  o f  the  systcm a]ld ])mvidcd  InoIc  i]lsigllt  into tllc  ulldcrlyins  g o a l s
(q?;., ,CCIUCC  power , iln])rovc  up]iilk  capability, cmlcd  l]ollc.ri  tica]  ac.tivitics).

1“01 l’roccss 11, in wllicll there were fewer and silnplcr  objects, less state inforlnation,  and
InoIc  dynmnic  bcllavior,  tllc OM’J’ diagrams provided a ~oocl overview. IIowcvcr,  bccausc  tllc
Ohl’J’ dia~;rarns  did IJot rwpmscnt  the algorithm }vl)ic.}1  was tllc crux of tllc  rcquirmncl]t  (w}lat
tr-adcofrs  tc) )na.kc W}ICII  multip]c  requests for fault IcspoIIscs  occur), tl~c I’VS  spcc.ificatio]i
offered  i]lsigl]ts  into the r e a s o n s  Ijcliil]d l,}ic Icquircnncl)tls  that \verc IIot rcprcsclltcd in t h e
OM”J’ diagrams,

]“uturc directions  of research illcludc illvcstigd)il!:;  Lllc foIInal s]]ccificatio]l  aIId verification
of software safety ])ropertics a s  a Way to iln~)rovc t}Ic ](:(lllilcll-lcllts and dcsigll  a n a l y s i s
~)1’occss. ongoinp;  work ill formalizing tJIc lnapping  of c)l.)jcct-oriclltc({  clcmmlts  to for)na]
Sl:,  ccifica,tiolls  wil l  provide a framework ill wllicll to test t}lc broader ap~)]ic,abi]ity of t]lc
r e s u l t s  l)rcxcntcd  in this paper [2, 8]. II,clatcd  work  to  autolnatc  tl)c. lnap~)iIlg of OhJrJ’
dia~;ra]ns  to I’VS sl)ccificatioIls lI;Ls g;cncrated illtcrcst [1 J.

‘J’]IC! lWSU]tS  ]) JYSClltCd h e r e  Sl]ggc!st t}lat t]lc U S C  o f  OM’J 1 dia~;rams  as a, first s t e p  in
])rc)ducillg  fcmnal  specifications may cl)l]ancc  tlIc  accuracy of the initial forma] spcc.ifications
arid rcducc tlIc  effort rcxluird  to produce’ tl)mn. “]’}IC  l’(!SU]tS  ])1’(:SCI”ltC![~  ]l(!J”C!  lnay c3]SC)  SL1/;&!St

]ilnits  tc) i,l)c Uscfu]ncss,  or at ]CaSt  tcstilnoIly  to t]lc difficulty, of SUC1”I forl”r”~a] J nal)pi)~gs.  ]I”J
both a])~)lica.tiol]s  LIIc I’VS spccificatio]l  l)rovidcd  insigl~is into t,lIc ulldcrlyinp;  i]jtcnt c~f tl)c
software rcquircmmts  that  was IIOt obvious ill LIIC OM’J’ Inodcls. AJIy usc of object-oriented
lnodclinf;  as a first step towards formal s])ccifications  will IIccd tc) cIlsu Je that tl]c  IIig;llcr-level
intcIlt  of tllc  softwa.rc  rcquirc]ncllts  is rcta.il)cd  in t}Ic process.

WC tl]allk  ILicl{ Coviugton  $, ‘,  ~ CWFIII (~av]t,  1  )avid  )] arnilton,  Jol In Kd]y, a,rl{{ A] Nikora,  for
IIcl])ful cliscussio~]s.
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